In the framework of a density-functional-based method, we study electron transport through several biphenyl-derived dithiol molecules connected to gold electrodes. The molecules differ in the degree of conjugation of the -electron system, which is controlled by the choice of the side groups. The low-temperature conductance depends on the tilt angle between the two phenyl ring units and follows closely a cos 2 law consistent with an effective -orbital coupling model. Tilting the phenyl rings from a planar conformation to one with perpendicular rings decreases the conductance by roughly 2 orders of magnitude. These findings are in agreement with experiments. We further study the temperature dependence of both the conductance and its fluctuations and find qualitative differences between the investigated molecules. The temperature dependence arises from thermal smearing in the leads and also from a thermal average over different contact configurations. Our results suggest that the variations of the conductance due to the latter effect can be reduced by an appropriate design of the molecule.
I. INTRODUCTION
The electron transport through molecular junctions depends on the precise arrangement of the atoms in the system, and many of the molecule-specific applications and potential advantages over other nanoelectronic systems rely on the property that molecules with tailored atomic configuration can be synthesized reproducibly. 1 However, in many cases, the conductance is similarly sensitive to the details of the contact of the molecule to the electrodes. [2] [3] [4] [5] [6] [7] They are usually not well controlled, which complicates the reproducibility of the experiments. [8] [9] [10] [11] [12] For molecules which are not rigid, further variations and uncertainties arise. [12] [13] [14] [15] [16] This effect strongly depends on temperature. 17, 18 Information obtained from single-molecule transport experiments is therefore mostly of a statistical nature, which is represented in conductance histograms. 3, 9, 11, [19] [20] [21] For these reasons, it is important to study families of molecules, the internal structure of which can be systematically varied but can still couple similarly to the electrodes. With this motivation, in the present work, we analyze the charge transport through various biphenyl-derived dithiol ͑BPDDT͒ molecules with different molecular conformations, which are connected to gold electrodes in the same way.
Recently, Venkataraman et al. 22 measured the influence of molecular conformation on the conductance of biphenylderived molecules, where different side groups were used to control the tilt angle between two phenyl rings. In this way, the extent of the delocalized -electron system of the molecules could be varied. They found that the conductance exhibited a characteristic cos 2 dependence, as expected from a simple effective -orbital coupling model. 23, 24 Their observations were supported by a theoretical estimate of the effect based on the splitting of frontier orbitals. 22 In this work, we theoretically analyze the charge-transport properties of three different BPDDT molecules connected to gold electrodes. We refer to the molecules as R2, S2, and D2 ͑Fig. 1͒. While R2 is the conventional biphenyl, the other two molecules, 2,2Ј-dimethyl-biphenyl ͑S2͒ and 2,6,2Ј,6Ј-tetramethyl-biphenyl ͑D2͒, incorporate one or two methyl groups in the ortho position with respect to the ringconnecting carbon atoms. We describe the electronic structure of the single-molecule contacts at the level of densityfunctional theory ͑DFT͒ and, by using Green's function techniques, we compute the conductance within the Landauer-Büttiker formalism. We determine the dependence of the conductance on both the tilt angle and the temperature.
By varying the degree of conjugation by changing the tilt angle , we find a cos 2 behavior of the low-temperature conductance, which is in agreement with the experiments of Ref. 22 . This behavior is, by and large, independent of the methyl side groups attached. Breaking the conjugation reduces the low-temperature conductance by roughly 2 orders of magnitude. At higher temperatures, two contributions to the temperature dependence of the conductance are important. The first one comes from the thermal broadening of the lead properties, while the other one comes from a thermal average over different geometric configurations of the contacts. We observe that the conductances of S2 and D2 monotonously grow with increasing temperature, while for R2, D2 R2 S2 the temperature dependence is weak and nonmonotonous. We demonstrate how the temperature dependence of the conductance and its fluctuations can be modified by an appropriate design of the geometric structure of a molecule.
Motivated by the synthesis of the BPDDT molecules R2 and S2 reported in Ref. 25 , which are now available for transport measurements, here we investigate molecules coupled to gold electrodes via thiol end groups. We note that different end groups may modify the absolute values of the conductance; [9] [10] [11] however, the tilt-angle dependence is primarily determined by the internal structure of the molecule. Therefore, we also compare our results to the data presented in Ref. 22 , although in that case amino groups were used for the coupling.
The paper is organized as follows. In Sec. II, we outline the methods used to compute the electronic structure, the geometry, and the conductance of the molecular contacts discussed below. In Sec. III we discuss the conductance of the three BPDDT molecules, particularly its tilt-angle and temperature dependence. Some technical details are deferred to the Appendix. Finally, in Sec. IV, we summarize our results.
II. THEORETICAL MODEL
In this section, we present the methods for computing the electronic structure, the contact geometries, and the transport properties of the molecular contacts. For further details on our method, we refer the reader to Refs. 26-28.
A. Electronic structure and contact geometries
We determine the electronic structure from DFT as implemented in the RI-DFT module of the quantum chemistry package TURBOMOLE V5.7. 29, 30 All calculations, including the description of the electrodes, are performed within the TUR-BOMOLE standard Gaussian basis set, which is of splitvalence quality with polarization functions on all nonhydrogen atoms. [30] [31] [32] As an exchange-correlation functional we use BP86. [33] [34] [35] All calculations are performed in a closed-shell formalism, and total energies are converged to a precision better than 10 −6 a.u. The contact geometries are displayed in Fig. 2 . They are determined by first calculating the geometric structure of a gold ͑Au͒ ͓111͔ pyramid with a thiolated benzene molecule on top ͓Fig. 3͑a͔͒. This pyramid consists of three layers of Au with three, six, and ten atoms. The tip atom of the pyramid is missing so that the sulfur ͑S͒ atom of the benzene binds to a threefold hollow site on top of the Au structure. We relax all atomic positions except for the layers containing six and ten atoms, which are kept fixed with the lattice constant set to the bulk value of 4.08 Å, which is obtained from experiment. Next, we compute the geometry of the biphenyl molecules R2, S2, and D2 of Fig. 1 with the hydrogen atoms in the position 4 and 4Ј substituted by S atoms, which are bonded to a single Au atom, respectively ͓Fig. 3͑b͔͒. For each of these molecules, we replace the single Au atom on each side with the mentioned Au ͓111͔ pyramids, where the thiolated benzene molecule has been removed ͓Fig. 3͑c͔͒. In this process, we take care that the S atoms of the biphenyl molecules are in the old positions of the S atoms of the thiolated benzene on top of the Au pyramids and that the S-S molecular axis and the ͓111͔ direction are aligned. The ground-state geometry is subsequently obtained by relaxing the complete structure, where we fix only the two terminal gold layers on each side ͓Fig. 3͑c͔͒. As mentioned above, the lattice constant in these layers is 4.08 Å. In the process, we let the maximum norm of the Cartesian gradient decay to values below 10 −4 a.u.
͑Color online͒ Molecules R2, S2, and D2 contacted at both ends to Au ͓111͔ electrodes via a sulfur atom in a threefold binding position. Faintly overlaid on the ground-state structure of the single-molecule contacts are geometries, where the left ring is rotated to = 0 Ϯ 30°. Here, , as indicated for R2, is the tilt angle between the planes of the two phenyl rings and 0 is its groundstate value. The division of the junctions into the left ͑L͒, central ͑C͒, and right ͑R͒ regions, which is used in the conductance calculations, is also shown. . ͑Color online͒ Construction of the contact geometry for molecule S2. ͑a͒ Geometric structure of a thiolated benzene molecule on top of a Au pyramid, ͑b͒ molecule S2 with Au-S termination, and ͑c͒ contact geometry for molecule S2. The geometries correspond to ground-state structures except for the Au ͓111͔ pyramids. As indicated, for them, the inner three atoms are relaxed, whereas the outer two layers are kept fixed. The S-S distance of geometry ͑b͒ is roughly the same as in the contact geometry ͑c͒ ͑see the dashed lines͒.
B. Transmission function
We compute the charge transport by using the Landauer formula and Green's functions expressed in a local nonorthogonal basis. 27, 36, 37 The local basis allows us to partition the basis states into left ͑L͒, central ͑C͒, and right ͑R͒ parts, according to a division of the contact geometry. Thus, the Hamiltonian ͑or Kohn-Sham͒ matrix H and analogously the overlap matrix S, can be written in block form,
Within the Green's function method, the energy-dependent transmission ͑E͒ is expressed as
with the Green's functions
͑3͒
and G CC a = ͓G CC r ͔ † , the self-energies
the scattering rate matrices ⌫ X ͑E͒ =−2 Im͓⌺ X r ͑E͔͒, and the electrode Green's function g XX r , with X = L and R. In Fig. 2 , we show how we divide our contacts into the L, C, and R regions. In this way we obtain H CC and S CC for the C region, which consists of the BPDDT molecule and three gold atoms on each side of the junction. The L and R regions are semi-infinite electrodes, which we model through Green's functions g XX r ͑E͒ calculated for surfaces of ideal semi-infinite crystals. The two terminal gold layers on each side of the gold pyramids ͑L and R regions in Fig. 2͒ are the parts of the surfaces that are assumed to couple to C. The matrices H CX and S CX are extracted from the finite contact geometries.
In order to obtain g XX r ͑E͒, we separately compute the electronic structure of a spherical gold cluster with 429 atoms ͑not shown͒. From this cluster, we extract "bulk parameters" and construct a semi-infinite crystal that is infinitely extended perpendicular to the transport direction. 26 The surface Green's functions are then calculated from this crystal using the so-called decimation technique. 39 We have checked that the electrode construction converged with respect to the size of the Au cluster, from which we extract our parameters. 26 In this way we consistently describe the whole system within DFT by using the same nonorthogonal basis set and exchange-correlation functional everywhere.
We assume the Fermi energy E F to be fixed by the gold leads, for which we obtain E F = −5.0 eV from the spherical Au 429 cluster. The proper alignment of the molecular orbitals in the C region [40] [41] [42] is accounted for by computing the larger contact geometries shown in Fig. 2 .
C. Conductance
The linear conductance in the Landauer formalism is given by 15, 38 
where G 0 =2e 2 / h is the conductance quantum and ͑E͒ is the transmission ͓Eq. ͑2͔͒. 43 Here and henceforth, G and carry the index , which parametrizes the tilt angle between two phenyl rings ͑Fig. 2͒. For zero temperature, Eq. ͑5͒ reduces to G ͑T =0 K͒ = G 0 ͑E F ͒. In general, we average over an energy window of the order of k B T, as described by the derivative of the Fermi function, ‫ץ−‬ E f. This averaging accounts for the "electronic" or "lead-induced" thermal broadening. 38 It is to be distinguished from a second temperature-dependent effect, which arises from deviations of the tilt angles from the minimum-energy ground-state value. These fluctuations further modify the conductance 14, 15 Ḡ ͑T͒ = ͗G ͑T͒͘ , ͑6͒
In this expression, E is the electronic ground-state energy of the metalmolecule-metal contact for angle . The average leads to a "configurational" temperature dependence of Ḡ ͑T͒. For later use, we also introduce the variance, which describes the fluctuations of the conductance as follows:
III. RESULTS
In this section, we present the results of our DFT-based transport approach. We discuss the properties of the isolated molecules, the conductance of Au-molecule-Au contacts in the ground-state configuration, and the tilt-angle dependence of both the ground-state energy and the low-temperature conductance. Then, we address the central issue of this work, namely, the temperature dependence of the conductance and its fluctuations. The latter results are explained by using an analytical expansion of the conductance valid at low temperatures.
A. Isolated molecules
First, we discuss some properties of the isolated molecules ͑Fig. 1͒. For R2, S2, and D2, we obtain the phenyl ring tilt angles of 36.4°, 90.0°, and 90.0°, respectively. The tilt angle of R2 is a result of the interplay between the conjugation, which tries to flatten the structure ͑ =0°͒, and the steric repulsion of the hydrogen atoms in the ortho positions with respect to the ring-connecting carbons, which favors angles close to = 90°. 44 The methyl groups introduced in S2 and D2 increase the steric repulsion and cause a larger . As a consequence, the conjugation between the phenyl rings is largely broken in S2 and D2, whereas R2 still preserves a reasonable degree of delocalization of the -electron system over the whole molecule. This fact is clearly reflected in the change of the gaps ⌬ between the highest occupied ͑HOMO͒ and lowest unoccupied ͑LUMO͒ molecular orbitals, which are 3.85 eV for R2, 4.74 eV for S2, and 4.70 eV for D2. Thus, ⌬ increases by roughly 1 eV when going from R2 to S2 or D2. This suggests that the molecules S2 and D2 will exhibit a more insulating behavior than R2 when they are incorporated into a molecular contact.
B. Low-temperature conductance
The geometric structures of the metal-molecule-metal contacts are shown in Fig. 2 . As there is no stress on the molecule in this binding position, the molecular conformation is very similar to the ground-state structure of the isolated molecule. 26 In particular, we obtain ground-state tilt angles 0 of 33.8°, 89.3°, and 89.7°for R2, S2, and D2, respectively.
In order to analyze the conduction properties of these molecular junctions, we have computed 0 ͑E͒ for the groundstate geometries of the contacts ͑Fig. 2͒. The transmission curves are plotted in Fig. 4 , and our result for R2 agrees well with previous theoretical studies. 7, 41, 45 Obviously, 0 ͑E͒ is dominated by a gap around E F , which reflects the HOMO-LUMO gaps ⌬ of the isolated molecules. As can be expected due to the similar geometries of molecules S2 and D2 with 0 Ϸ 90°, their transmission curves closely resemble each other. However, the most important observation to be made from Fig. 4 is the great reduction of 0 ͑E F ͒ for S2 and D2 as compared to R2. In particular, for S2 ͑D2͒, it is lower than that for R2 by a factor of 48 ͑77͒, i.e., roughly by 2 orders of magnitude. This clearly reveals the importance of the conjugated -electron system for the charge transport in biphenyl molecules. 24 In addition, it shows that the conductance can be controlled by means of adequate side groups that force the molecules to adopt different conformations. 22 Due to their electron-donating nature, 46 the methyl side groups influence the alignment of the molecular levels with respect to the Fermi energy. In this way slight modifications of the conductance can be achieved. 47 In Fig. 4 , a movement of the HOMO-related peak structure toward more positive energies seems, indeed, visible when going from S2 to D2, where 0 remains roughly constant. The absence of a pronounced effect on the conductance can be due to changes in the charge transfer between the molecule and the electrodes 42 or to the compensation of the shifting effect by a small increase in the tilt angle 0 . Also in Ref. 22 , the substituent effect could, apart from the change in , largely be ignored. 48 It may, however, play a more important role for other observables such as thermopower.
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C. Tilt-angle dependence of ground-state energy and lowtemperature conductance
To investigate the dependence of the conductance on the tilt angle in more detail, we have continuously varied for all the contacts. We do this by rotating one of the phenyl rings with respect to the other, as illustrated in Fig. 2 , without relaxing the contact geometries for 0 . We obtain the results depicted in Fig. 5 , where the energy E and the conductance G ͑T =0 K͒ are plotted as a function of . [50] [51] [52] [53] In each case, the angular resolution is ⌬ = 2°.
In the energy curve E of molecule R2, there are eight extrema visible, four minima and four maxima. They are located at 34°, 144°, 214°, and 324°for the energy minima and 90°, 178°, 270°, and 358°for the maxima. Due to the symmetry of the molecule, one would expect a 180°period-icity and a mirror symmetry of both E and G ͑T =0 K͒ with respect to 0°͑or, equivalently, 90°, 180°, or 270°͒. While the 180°periodicity is present for E , the mirror symmetry is violated, as one can see in Fig. 5 . The reason for this is that the hydrogen atoms have been fixed in their positions with respect to the phenyl rings as obtained for = 0 and, thus, they are standing slightly away from the phenyl ring planes. 53, 54 Contrary to E , all expected symmetries are restored for the conductance. In particular, G ͑T =0 K͒ possesses only two minima at 90°and 270°and two maxima at 0°and 180°. As a function of the tilt angle, the conductance changes from 2.0ϫ 10 −4 G 0 in the minima to 1.4ϫ 10 −2 G 0 in the maxima; that is, it changes by a factor of 70. In the case of molecules S2 and D2, G ͑T =0 K͒ closely follows the shape of E . For S2, there are two minima in E at 94°and 268°with conductances of 2.2ϫ 10 −4 G 0 , which are separated by a local maximum at 174°with a conductance of 1.3 ϫ 10 −2 G 0 . This corresponds to a ratio of 60 between the maximum and minimum conductances. D2 exhibits an energy minimum at 90°and the conductance at this point is 1.2ϫ 10 −4 G 0 . The close agreement of the minima of G ͑T =0 K͒ for R2, S2, and D2 ͑Figs. 4 and 5͒ is remarkable. In the conductance minima, the conformations of these molecules are the same, except for their different side groups and their slightly varying orientations with respect to the gold electrodes. These observations demonstrate again that the side groups mainly control the conformation but have little impact on the low-temperature conductance otherwise. 22, 47, 49 The large ratios between maximal and minimal conductances mentioned above highlight the relevance of the extent of the conjugated -electron system on the conduction properties of the biphenyl molecules. In order to further investigate this, we have fitted the G ͑T =0 K͒ curves of charge transport, as discussed in more detail in the Appendix. For all three molecules, our fit matches G ͑T =0 K͒ very well. What is more, we obtain a very similar parameter b for all of them. On the other hand, the small but positive values of a imply that the conductance at perpendicular tilt angles ͑ = 90°or 270°͒ does not vanish entirely, as a pure cos 2 dependence would suggest. This observation was also made in Ref. 22 . The absence of a complete blockade of the transport can be understood by the presence of couplings other than the -.
D. Temperature-dependent conductance and its fluctuations
Next, we analyze the dependence of the conductance on temperature. In addition to Ḡ ͑T͒ = ͗G ͑T͒͘ ͓Eq. ͑6͔͒, we study ͗G ͑T =0 K͒͘ . In this way we can quantify the leadinduced contribution to the temperature dependence of Ḡ ͑T͒. To perform the average ͗G ͑T =0 K͒͘ , we use the energy E and conductance G ͑T =0 K͒ of the gold-molecule-gold contacts, as shown in Fig. 5 . For Ḡ ͑T͒, instead, we have calculated the transmission function for each angle in an energy interval around E F ͑see the explanations in Sec. II C͒. 55 The temperature-dependent conductances Ḡ ͑T͒ and ͗G ͑T =0 K͒͘ are plotted in Fig. 6 for the molecules R2, S2, and D2 for temperatures T between 0 and 300 K. The average Ḡ ͑T͒ shows qualitative differences for the three molecules considered. S2 and D2 exhibit a rather linear and monotonously increasing conductance Ḡ ͑T͒ with increasing T. In contrast, a nonmonotonous weak temperature dependence is found for R2.
The small differences between Ḡ ͑T͒ and ͗G ͑T =0 K͒͘ for S2 and D2 indicate that, for these molecules, the leadinduced contribution to the temperature dependence can be neglected as compared to the configurational one. The monotonous increase in Ḡ ͑T͒ can therefore be understood by E and G ͑T =0 K͒ ͑Fig. 5͒. The ground-state configurations for both molecules correspond to conformations with minimal conductances. Therefore, elevated temperatures give access to conformations with higher conductance values, resulting in the observed steady increase in Ḡ ͑T͒. On an absolute scale, due to the steeper increase in E for 0 , the conductance of D2 changes less than that of S2 when going from 0 to 300 K. This shows that the temperature dependence of the conductance can be suppressed by making a molecule more "rigid." For molecule R2, the situation is qualitatively different. Here, 0 = 34°does not correspond to a minimum of G ͑T =0 K͒. Elevated temperatures give access to both higher and lower conductances and, as a result, ͗G ͑T =0 K͒͘ exhibits no clear trend. The differences between Ḡ ͑T͒ and ͗G ͑T =0 K͒͘ at high T signify that for R2, both contributions to the temperature dependence of the conductance, namely, the lead-induced and the configurational ones, play equally important roles. Indeed, they compensate each other and, despite the shallow energy minimum around 0 , absolute changes in Ḡ ͑T͒ for R2 are even smaller than those for D2.
Finally, we analyze the fluctuations of the conductance ␦G͑T͒ ͓Eq. ͑7͔͒, which are plotted in Fig. 7 for temperatures ranging between 1 and 300 K. In each case, ␦G͑T͒ monotonously increases with T. This is expected because finite temperatures give access to conductances differing from G 0 ͑T =0 K͒ ͑Fig. 5͒. It is also evident from Fig. 7 that ␦G͑T͒ is largest for R2 and smallest for D2. Indeed, because of its two methyl side groups, D2 is the most rigid of the three molecules with respect to ring tilts, while R2 can access a large range of conductance values due to its shallow energy landscape ͑Fig. 6͒. Since S2 has only one methyl side group, it is an intermediate case. From Fig. 7 , we obtain the ratios ␦G R2 ͑T͒ / ␦G S2 ͑T͒ = 4.2 and ␦G S2 ͑T͒ / ␦G D2 ͑T͒ = 4.2 for T = 300 K.
E. Harmonic approximation at low temperatures
To further analyze the differences in the temperature dependence of the three biphenyl molecules, we consider low temperatures and resort to the harmonic approximation E = e 2 ͑ − 0 ͒ 2 . By performing a Sommerfeld expansion of Eq. ͑5͒, to second order in k B T we obtain the following: . ͑9͒
Here, g n = ‫ץ͉‬ n G ͑T =0 K͉͒ = 0 / n! and 0
Equation ͑8͒ demonstrates that at low T, the behavior of Ḡ ͑T͒ is determined by two ingredients. The first one is the tilt angle 0 , which fixes the derivatives g n , particularly g 2 . The second ingredient is the curvature e 2 of E , which measures the rigidity of the biphenyls.
This illustrates the behavior of Ḡ ͑T͒ for S2 and D2 ͑Fig. 6͒. The ground-state angles 0 for these molecules are close to 90°, corresponding to the maximum curvature g 2 Ͼ 0 in the minimum of the cos 2 -shaped conductance curve ͑Fig. 5͒. Consequently, Eq. ͑8͒ produces a rather linear increase in Ḡ ͑T͒. As compared to S2, the higher e 2 leads to a weaker temperature dependence for D2. The situation is different for R2. Here, g 2 is negative and smaller than that for S2 and D2 by a factor of around 2. Thus, for low temperature, Ḡ ͑T͒ shows a small linear decrease. At higher T, this trend is compensated by the second-order temperature contribution, which increases the conductance ͑g 4 , 0 ͑2͒ Ͼ 0͒. Both effects combine to the constant behavior observed for R2.
A similar discussion applies for ␦G͑T͒. Since 0 Ϸ 90°for D2, the term g 1 can be ignored. Thus, according to Eq. ͑9͒, at low T the fluctuations should follow the form ␦G͑T͒ = ␥T ␣ with ␣ Ϸ 1. Indeed, from a best fit to the low-temperature region of the curve in Fig. 7 , we obtain an exponent ␣ = 0.96. For R2, the linear term g 1 does not vanish, however, and we extract an exponent ␣ = 0.50, which is in agreement with Eq. ͑9͒. As ␦G͑T͒ is sensitive to deviations of 0 from 90°and E is somewhat asymmetric around 0 , S2 is an intermediate case with ␣ = 0.69. The prefactors ␥ for the respective molecules can be found in the caption of Fig. 7 . Although our fit has been made for low T ͑between 1 and 50 K͒, deviations from it are small even for elevated temperatures.
IV. DISCUSSION AND CONCLUSIONS
In experiments with molecular junctions, the conductance on the last plateau of an opening curve is generally attributed to that of a single molecule. In practice, the measured conductances are always time averages over all fast fluctuations of the contact geometry, particularly of the internal configurations of the molecule. The quantity Ḡ ͑T͒ represents such a time average for a given contact realization, while ␦G͑T͒ describes the fast fluctuations. From the curvature of E , we can estimate the vibrational energies ប for R2, S2, and D2 to be a few meV. Thus, the time scales of the torsional motion of the molecules are on the order of picoseconds.
The time-averaged conductance may vary considerably from one junction realization to another. 2, 3, 10 These variations, and hence the peak widths in conductance histograms, can be attributed to different sources. One is due to changes at the molecule-electrode interface and in the contact environment, while another is due to modifications of the molecule's internal geometric structure. Concerning the first one, the surfaces of the metallic electrodes are atomically rough and disordered, and the molecule binds differently to the electrodes in every realization of the junction. 8, 10, 21 As a result, the interface-related variability of the conductance is hard to control, although more reproducible results can be achieved by a proper choice of the binding groups. 9 Regarding the second point, the possibilities of chemical synthesis should be exploited to produce rigid molecules, for example, by means of side groups, as in the examples considered above. 17, 22 In our analysis, several simplifying assumptions have been made. In particular, we have concentrated on a certain realization of a single-molecule junction ͑Fig. 2͒ and all temperature-induced changes at the electrode-molecule interface have been neglected. Furthermore, only one configurational degree of freedom of the molecule, the tilt angle , has been considered, and we treated it as a classical variable. At very low temperatures ͑T Շប / k B ͒, the quantum-mechanical nature of the torsional vibrations should be taken into account. 16 Nevertheless, our analysis serves to illustrate the importance of the temperature-related effects on the average conductance and its fluctuations.
In conclusion, we studied charge transport through different dithiolated biphenyl derivatives. By using a densityfunctional-based transport theory, we showed that the conduction through these molecules is strongly influenced by the degree of -electron delocalization. A broken conjugation, which is induced by side groups, suppresses the conductance by roughly 2 orders of magnitude. When varying the tilt angle between the different phenyl rings, we observed a clear cos 2 dependence of the low-temperature conductance, although the suppression of the conductance for perpendicular ring configurations is not complete. We showed that the methyl side groups in the biphenyl molecules control the conformation, but they have little influence on the lowtemperature conductance otherwise. These findings are in agreement with the experimental results of Ref. 22 . In addition, we determined the temperature dependence of the conductance and its fluctuations. Here, we considered two different contributions. The first one originates from the thermal smearing in the leads, while the other one is due to a thermal average over different contact configurations. We observed qualitatively different temperature characteristics for the well-conjugated biphenyl molecule as compared to the molecules whose conjugation was broken by means of methyl side groups. Furthermore, we illustrated that an appropriate design can help reduce temperature-induced conductance fluctuations by stabilizing a molecule in a configuration close to its ground-state structure in isolation. In this way uncertainties with respect to the molecule's internal geometric structure are reduced and a more reliable comparison between theory and experiment appears possible.
